We report the thermal rate constant of the O( experimental data. Other related high energy reaction channels are also studied qualitatively for their contribution to the total thermal rate constant at high temperature.
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with experiment was obtained throughout a large temperature range, including the significant range below 500 K. However, when this potential was used in quantum calculations (which were exact for zero total angular momentum, J, and used Jshifting 12 for non-zero J) of the rate constant, 7, 8 the results exceeded experiment for temperatures below 500 K, and were fortuitously in quite good agreement with rate constants using the KSG potential despite the higher barrier on the S4 surface. (Thus, these quantum calculations are in disagreement with ICVT/mOMT rate constants as well, at temperatures below 500 K. 10 ) The source of this somewhat surprising result was traced to the existence of van der Waals wells on the S4 surface in the entrance and exit channels. At low energy, i.e., below the vibrationally adiabatic barrier height, resonances were found in the CRP for the S4 surface. A detailed analysis of these resonances 13 showed that they are due to these van der Waals wells. The increase of the rate constant relative to expectation and also relative to the 'POLYRATE' results (which are not sensitive to these wells) was therefore ascribed to these van der Waals wells.
As a result of this somewhat surprising result a major effort was undertaken by
Ramachandran and Peterson (RP) to obtain highly accurate and hopefully definitive potentials for this reaction. The details and results of this effort are reported in the preceding paper. 14 The highlights of the RP surfaces are: the ground-state vibrationally adiabatic barrier height is 8.83 kcal/mol for the Here we report quantum calculations of the thermal rate constants using these new potentials and compare the results with experiments, including new measurements at high temperature. 15, 16 The new RP 3
A" surface does contain van der Waals wells in both the entrance and exit channels and, similar to the S4 surface, these do lead to low energy resonances in the CRP in quantum scattering calculations. However, these low energy resonances and their relation to the van der Waals wells, which have been previously explored extensively in the case of the S4 surface, 13 are not the focus of this paper.
Details of the calculations are given in the next section. Extensive testing of the Jshifting approximation is also given in that section because the present calculations must extend to high values of J and high energies in order to obtain the rate constant up to 3200 K. The results of the calculations, comparisons with experiment and ICVT/mOMT calculations, and discussion of these comparisons are given in Section III.
A summary and conclusions are given in Section IV.
II. METHODS AND DETAILS OF THE CALCULATIONS A. Quantum calculations
The exact thermal rate constant can be written as †
where E is the total energy, Q react is reactant partition function (the product of the translational partition function and the internal vibration-rotation-electronic partition function), and N(E) is the cumulative reaction probability (CRP). The exact CRP is defined as the sum of all allowed state-to-state reaction probabilities, which for the present atom-diatom reaction, is given by †
where
is the detailed state-to-state reaction probability for a given total angular momentum J and K (K') is the projection quantum number of J on a body-fixed Z-axis. It is very computationally intensive to calculate these probabilities over the large range of J that is needed to obtain the rate constant over a large temperature range. A very useful approximation to N(E) is the J-shifting approximation, given by 12 † A' surface has a collinear transition state. This is obviously a special case for J-shifting, since no A-constant is defined. In this case K takes the role of the vibrational angular momentum quantum number, 12 and is thus one of two quantum numbers that describe the doubly-degenerate bending motion of the transition state. In reactions such as the present one, where the bending frequency is several hundreds of wavenumbers, the range of K needed to converge the CRP is generally much less than -J to +J. There are versions of J-shifting that can be applied in this case, as described elsewhere. 12 Here we do the more elaborate treatment of the J-shifting, where exact scattering calculations are done for a limited range of J and thus with a maximum value of K, denoted K max , and then J-shifting is done for larger J using †
The quantum scattering calculations were done with the code 'ABC'. 17 In these calculations, we retain all reactant and product channels with internal energies less than A' surface (3) and 3 P oxygen atom (9) without spin-orbit splitting.
B. Variational transition state theory calculations
The VTST calculations are similar to those reported earlier for the S4 surface. 10 The thermal rate constant calculations for the present paper were carried out with the POLYRATE program 11 using curvilinear internal coordinates, 18 and the harmonic approximation for the vibrational modes. The A" surface, a non-collinear reference path was used. The range of the reaction path was chosen to be large enough that both the entrance and exit channel vdW wells were sampled. The improved canonical variational theory (ICVT) 19, 20 was used to calculate the thermal rate constants and semiclassical estimates of quantum mechanical tunneling were obtained using the microcanonical optimized multidimensional tunneling (mOMT) approximation. 21 The resulting ICVT/mOMT rate constants are reported in the following Section.
III. RESULTS AND DISCUSSION

A. Quantum reactive scattering calculations and tests of J-shifting
In Fig It is possible to approximately account for this bending energy shift of the J = 1 CRP relative to the J = 0 by using a suitable modification of J-shifting. 12 We take a somewhat different approach here. First we determined the maximum value of K needed to obtain a converged CRP for a moderately large value of J. This was done by performing a series of calculations for J = 50 with K max = 4, 6, 8, 10, and the maximum possible value of K. The results are shown in Fig. 3 (for odd parity) versus the total energy. As seen, the CRP with K max = 10 is well converged over this energy range. That the converged value of K max would be relatively small is a consequence of the "tight"
collinear transition state where, as noted earlier, K takes the role of the vibrational angular momentum. In the harmonic approximation K = 10 first occurs for the ninth excited bending state, the energy of which would raise the adiabatic energy by roughly 0.5 eV. Then, to obtain the full CRP for the 3 A' surface, exact calculations were done for J ≤ 10 (with K max ≤ 10) and then J-shifting was done for J > 10 using the equation † We calculated the thermal rate constant on the 3 A" surface using both the saddlepoint B-constant and the empirically-adjusted B constant. Both sets of thermal rate constants are listed in Table 1 , and the calculation with the smaller, adjusted B-constant
gives an approximately 30% increase in the thermal rate constant. The rate constant obtained with this B-constant is used in further comparisons with experiment.
The QM rate constants on both surfaces and their sum are plotted in Fig. 6 . At low temperature, the 3 A' surface contributes less than 0.1% to the total rate constant; but its contribution grows gradually with increasing temperature, and contributes to a level of 30% at 3200 K.
The thermal rate constants were also calculated by the ICVT/mOMT method over the temperature range 200 -3200K for both the 3 A" and 3 A' surfaces. The summed rate constant is compared with the summed QM rate constant in Table 2 . These approximate rate constants are smaller (by factors of three or more in the temperature range 300-400 K) than the QM results. As the temperature increases the agreement with the QM results improves significantly.
We investigated whether the use of the harmonic approximation in the POLYRATE calculation is responsible for the rather large differences between the QM and ICVT/mOMT rate coefficients for the for the ICVT/mOMT rate constant. These expressions reproduce the corresponding results tabulated in Table 2 at thirty-one temperatures, with average deviations of 18% and 22%, for the QM and VTST, respectively.
In Fig. 7 , the summed QM and ICVT/mOMT rate constants are plotted with all the available experimental data. 15, 16, [23] [24] [25] [26] We also present the previous QM rate constant obtained with the S4 potential energy surface. As seen, the present QM results are in very good agreement with experiments from 250 -2000 K, including the newest ones of
Hsiao et al. 16 For temperatures above 2000 K there is significant disagreement with the new high-temperature experiments of Hsiao et al. 16 A sudden increase in the curvature 14 of the experimental data points shows up, which cannot be reproduced by either the S4 or the RP surfaces. We discuss possible sources of this disagreement below. The earlier QM calculations on the S4 potential are significantly above experiment (as noted previously 7, 8, 10 ) except at the highest temperatures. Since the QM (S4) calculations do not include the contribution from the 3 A' state, the comparison at temperatures above 1500 K is problematic.
Thus, the present quantum calculations with the new ab initio potentials are in very good agreement with experiment over a large temperature range, with the exception of the recent high-temperature experimental results. 16 These new potentials have higher barriers to reaction than any previous potential, including the recent estimates of barrier heights by Hsiao et al. 16 The disagreement with the high temperature experimental results are also present in the VTST calculations reported by Hsiao et al., which are quite similar to the present ICVT/mOMT ones. However, their calculations were based on local approximations to vibrational modes along the minimum energy paths which, as noted above, predict lower barriers to reaction than the RP potentials.
We have considered several possible explanations for the disagreement between theory and experiment at the highest temperatures noted above. One possibility is the contribution from the channel ClO+H, which is not described in the RP potentials.
Another is the possible role of the O( As mentioned already, in order to get a converged thermal rate constant at T = 3200 K, the CRP had to be integrated up to a total energy of 2.76 eV, which is well above the energetic threshold of 1.65 eV for the O( 3 P) + HCl AE ClO + H reaction channel. As a result, the contribution from this channel to the total rate constant needs to be considered. Unfortunately we do not know the details of the potential for this channel and so we will approximate N(E) for this reaction channel by the number of open channels for the ClO product, which is given by †
where the ro-vibrational energy was evaluated using a separable harmonic oscillator/rigid rotor approximation with E 0 = 1.65 eV. This expression for the CRP is clearly an upper bound, which, however, is very useful in estimating the possible contribution of this channel to the total rate constant. Using this approximation for the CRP for this reaction channel, we obtained a value of 1.76¥10 -13 cm 3 /(molec-sec) at 3200 K, which is roughly 2 orders of magnitude smaller than the total rate constant we obtained ignoring this channel. Thus, we conclude that we are justified in neglecting this channel. 
IV. SUMMARY AND CONCLUSIONS
We have reported quantum reactive scattering calculations for the O( A' surface. Similar structures have been found in the CRP for the S4 surface, 9 and these have been traced to the existence of van der Walls wells in the entrance and exit channels of that potential surface. 13 The RP 
